We examined the membrane potentials and firing properties of motor cortical neurons recorded intracellularly in awake, behaving primates. Three classes of neuron were distinguished by (a) the width of their spikes, (b) the shape of the afterhyperpolarization (AHP), and (c) the distribution of interspike intervals. Type I neurons had wide spikes, exhibited scoop-shaped AHPs, and fired irregularly. Type II neurons had narrower spikes, showed brief postspike afterdepolarizations prior to the AHP, and sometimes fired high-frequency doublets. Type III neurons had the narrowest spikes, showed a distinct post-AHP depolarization, or "rebound AHP" (rAHP) lasting ~30 ms, and tended to fire at 25-35 Hz. The evidence suggests that an intrinsic rAHP may confer on these neurons a tendency to fire at a preferred frequency governed by the duration of the rAHP and may contribute to a "pacemaking" role in generating cortical oscillations.
Introduction
The timing of action potentials in cortical neurons is determined by the cells' synaptic input from other neurons and by their intrinsic membrane properties (Llinas 1988 ). The intrinsic membrane mechanisms of neocortical neurons during steady-state or modulated firing have been characterized extensively in vitro by intracellular recordings in cortical slice preparations, which offer stable recording conditions (Crill 1996; Schwindt and Crill 1999) . Neurons recorded in cortical slices of guinea pigs were classified based on their characteristic afterhyperpolarizations (AHPs) and other physiological properties (Connors et al. 1982; McCormick et al. 1985) . Similar types of firing patterns have been observed in anesthetized rat cortex in vivo (Pockberger 1991) . In cat motor cortex, in vivo recordings have revealed subtypes of neurons based on their firing patterns and their responses to stimulation of the pyramidal tract (Baranyi et al. 1993a, b) .
In awake animals, cortical neurons constantly receive a variety of synaptic inputs. Unlike the relatively quiescent intracellular membrane potentials of neurons in brain slices or anesthetized preparations, the membrane potentials of neurons in awake behaving animals exhibit large fluctuations arising from barrages of post-synaptic potentials (PSPs), especially during execution of behavioral tasks (Matsumura 1979) . While the intrinsic firing properties of cortical neurons have been elucidated by numerous in vitro studies, the extent to which these properties are preserved or modified by normal synaptic inputs remains unknown (Bernander et al. 1991 ). Also unclear are the possible functional roles these intrinsic properties could play and their contribution to generation of the firing patterns observed in vivo. These issues can be addressed only by intracellular recordings from neurons in awake animals performing behavioral tasks. The intrinsic properties can be revealed by the characteristics of membrane potentials after averaging random synaptic fluctuations.
Besides influencing firing patterns, intrinsic neuronal properties may also affect patterns of network activities such as cortical synchrony and rhythmicities. The possible physiological significance of such network activities has generated much investigation and speculation. For instance, the gamma-frequency oscillations that occur in many species (Murthy and Fetz 1996a; Singer 1993; Steriade et al. 1991a Steriade et al. , 1996 , including humans (Aoki et al. 1999 ; Llinas and Ribary 1993) have been implicated in behavioral conditions of increased alertness (Bouyer et al. 1981; Murthy and Fetz 1996a,b) and in visual binding (Singer and Gray 1995) . In motor cortex of behaving monkeys, robust oscillations at 20-35 Hz occur during exploratory hand movements (Fetz et al. 2000 ; Murthy and Fetz 1996a, b) , during an instructed delay period prior to movement (Sanes and Donoghue 1993) , and during maintenance of a precision grip (Baker et al. 1997 ). The neuronal mechanisms generating such cortical oscillations remain elusive. Two classes of mechanism have been considered: resonant activity in neuronal circuits and intrinsic pacemaker properties of cortical or subcortical neurons. Studies on both in vivo and in vitro preparations have found rhythmic firing of action potentials that correlated with subthreshold oscillatory membrane potential or intrinsically generated bursts of spikes (Traub et al. 1999; Steriade 2001) , and have also implicated intracortical or corticothalamocortical pathways and cortical inhibitory interneurons (Cobb et al. 1995 ).
To elucidate these issues, we analyzed membrane potentials surrounding the action potentials recorded intracellularly in motor cortical neurons of awake behaving or lightly anesthetized primates. Since variations in firing behavior among cortical neurons could result either from a variation in synaptic inputs or from different intrinsic membrane properties of individual neurons, we used spike-triggered averaging (STA) to eliminate the "synaptic noise," i.e., the random fluctuations in membrane potentials, to reveal underlying intrinsic membrane potentials. The biophysical tests that can be applied to in vivo study in awake behaving animals are limited, but this approach provides a powerful new tool toward quantitative measurement of the characteristic features of membrane potential trajectories that result from intrinsic properties. We hypothesize that action potentials with distinctive membrane trajectories are associated with specific steady-state firing patterns of motor cortical neurons in awake behaving primates. We found three types of AHPs and three different trajectories of subsequent interspike intervals (ISIs), each with characteristic features. Neurons in one group showed a distinct post-AHP depolarizing rebound ending at ~30 ms after the spike; these neurons all tended to fire at [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Hz. The distinctive trajectory of the ISI membrane potential of these neurons may play a "pacemaking" role, allowing them to fire preferentially at a frequency that correlates with the duration of the AHP. We propose that the activity of these neurons may contribute to the entrainment of sensorimotor cortical networks into episodes of gamma-frequency oscillations.
Materials and Methods
We recorded intracellular membrane potentials and firing activities of neurons in the sensorimotor cortex from 8 hemispheres of 5 chronically prepared macaque monkeys weighing 3.2-6.2 kg (3 Macaca fascicularis and 2 M. nemenstrina) (Matsumura et al. 1996) . Recordings were made with the monkey either under light halothane anesthesia (for 4 hemispheres) or awake and performing alternating wrist movements in a target tracking task (Fetz and Cheney 1980) .
Surgical Preparation
With the monkey deeply anesthetized with Nembutal (Abott, 3 mg/kg, imp) or halothane, an acrylic stabilizer for semi-chronic recording was implanted on the skull (Matsumura et al. 1996) . The implant contained stainless steel tubes for anchoring the head to a stereotaxic frame mounted on top of the primate chair, where the electrode carriers were placed.
Before the recording session, the monkey was given a small dose of ketamine reference to the cortical surface. At the end of each recording session, the monkey was lightly anesthetized with either ketamine or halothane. To mark the recording sites, DC currents of 10 µA were passed for 10 s through a carbon fiber electrode inserted next to the intracellular pipette to make coagulated deposits (Sawaguchi et al. 1986 ). Electrodes were then withdrawn, and the skull opening was treated with topical antibiotics and filled with dental cement. For histology, monkeys were perfused with saline followed by 10% formalin under deep Nembutal anesthesia. The brain was post-fixed in 30% sucrose-formalin solution and prepared for 100 µm sections. The recording sites were identified with the location of the surface entry, and the cortical depth was confirmed with the aid of the depth marker on the electrode carrier and detectable carbon deposit in the section. 
Results
Results were obtained from intracellular recordings from precentral cortex in 8 hemispheres of 5 animals (Matsumura et al. 1996) . Most recordings were obtained while the monkeys performed an isometric wrist flexion-extension task.
Task-related neurons recorded in the contralateral motor cortex exhibited increased fluctuations of membrane potentials and/or membrane depolarization triggering action potentials during the excitatory phases. We believe that these recordings are mainly somatic, since the recording stability in this behavioral preparation would probably be insufficient for sustained dendritic recordings. A chronic multi-electrode recording during isometric ramp-and-hold wrist responses is shown in Fig. 1 . The intracellularly recorded cell fired action potentials repetitively during wrist extension torques (downward deflection).
The extracellular spike activity recorded simultaneously from neighboring neurons with another electrode also showed weak increases during extension. were in layers below 1200 µ m, corresponding to layer V-VI in primate motor cortex.
Characteristics of three basic types of cortical neurons
The recorded and analyzed neurons were divided into three major groups based All were recorded >1200 µm below the cortical surface. ISI histogram profiles for these neurons also vary and exhibit no consistent peak features, except that 9 of these 17 neurons showed an additional sharp peak at intervals of <10 ms (Fig. 2B , Type II), indicating a tendency to fire high-frequency doublets of action potentials. These doublets, however, were sporadic and not repetitive. Histograms for two of the neurons also showed a peak at ~30 ms (Fig. 4) . We did not observe any repetitive bursting firing activities when the animals were alert or performing the task; bursts occurred only during anesthetized or drowsy states, and only in alpha frequencies, i.e., <14 Hz.
The most remarkable AHP characteristics were exhibited by Type III neurons.
These cells had narrow action potentials (0.5+0.2 ms) with an amplitude of 53.8+9.6 mV (n=16, 13 from awake and 3 from lightly anesthetized monkeys).
All but 2 were recorded below 1200 µm. Action potentials of type III neurons showed an initial instantaneous repolarization, which deviated to a slower hyperpolarization lasting 5-9 ms, followed by a depolarizing rebound of 20-25 ms to a flat resting level or to a subsequent action potential, as shown in Figs trajectories was essentially equivalent to that of synaptically generated current.
Consistency of the descriptive characteristics at different firing frequencies
To examine the characteristics of the AHPs and interspike trajectories in relation to different ISIs, we averaged the membrane potentials for various fixed intervals between pairs of intracellular action potentials. These ITAs were compiled in neurons that showed high spontaneous or task-related activity, providing sufficient number of triggers at various frequencies to get a set of ITAs for at least five different intervals within the range of 30-100 ms. (Fig. 7C) . Similar changes were seen for other parameters such as V r (Fig. 7C ) and T h (Fig. 7D ). The measurement of One group of neurons showed a distinct rAHP lasting about 30 ms, followed by a flat trajectory for long ISIs, and these all tended to fire at 25-35 Hz. This suggests that some cortical neurons in awake primates have a distinctive interspike membrane potential trajectory that may confer a pacemaking tendency at these frequencies.
Classification of cortical neurons
To the extent that our cell types correspond to those classified in different Similar in vitro studies of human cortical tissue excised around epileptic sites confirmed the presence of the regular-and fast-spiking neurons, and discovered a third group with a voltage-dependent shift in firing behavior (Lorenzon and Foehring 1992) . In contrast to data from rodents and cats, no intrinsic burstfiring neuron was observed in human association cortex (Foehring et al. 1991 ).
The three groups of neurons described in our study were classified entirely on the basis of intrinsic physiological properties, i.e., the spike width and the trajectory features of the ISI-triggered averages of AHPs under normal conditions. Many of the testing criteria used in in vitro studies on relatively quiescent neurons could not be reproduced routinely in our recording condition.
Thus, we have no morphological correlates for our three groups, since systematic intracellular staining and reconstruction was impractical in this preparation. In rodents, slowly adapting or nonadapting neurons with extremely narrow action potentials were identified as sparsely spiny non-pyramidal inhibitory 
Mechanisms of rhythmic bursting
The intrinsically bursting neurons in slices of rat cortex often exhibit prominent Taira and Georgopoulos 1993). Although half of our type II ADP-type neurons fired infrequent doublets, we only observed rhythmic burst firing superimposed on large depolarizing waves in alpha frequency, when the animal was drowsy.
These differences may be related to species, cortical area, or behavioral state.
Synaptic mechanisms underlying rAHP
The 
rAHP as a Pacemaker for Gamma Rhythm
The intrinsic tendency of our type III cells to fire at 25-35 Hz may contribute to the generation of gamma-frequency cortical rhythmic activities, which have been suggested to be associated with general alertness (Murthy and Fetz 1992; Steriade et al. 1991a ) and cognitive processes (Singer 1993) . Since intracortical synaptic transmission between neurons can be unreliable, especially for distances beyond ~500 µm, owing to the paucity of synaptic contacts (Gil et al. 1999; Kisvarday et al. 1986 ) and the low probability of release (Matsumura et al. 1996;  Stevens and Wang 1995; Thomson et al. 1993) , it has been proposed that transmission can be made reliable by synchronous convergent inputs from multiple sources (Diesmann et al. 1999) and that an intrinsic rhythmic pacemaker could allow such convergence to be more precise in time (Lisman 1997 . We could not explore these issues in our experiments, but they are amenable to investigation under appropriate behavioral conditions.
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